D
owncore temperature profiles found in boreholes from the Greenland (1) and West Antarctic ice sheets (2) enable the recovery of past surface temperatures. These borehole inversions indicate a globally coherent pattern of cooling from the Medieval Warm Period to the Little Ice Age that is also documented in recent land (3) and ocean (4) proxy compilations. The ocean adjusts to surface temperature anomalies over time scales greater than 1000 years in the deep Pacific (5, 6) , which suggests that it too hosts signals related to Common Era changes in surface climate (7) . But whether these signals are predictable or detectable in the face of threedimensional ocean circulation and mixing processes, let alone invertible for surface characteristics, has been unclear.
To explore how Common Era changes in surface temperature could influence the interior ocean, we first inverted modern-day tracer observations for ocean circulation using a previously described methodology (8) . In this inversion, the net effects of sub-grid-scale processes on advective and diffusive transport are empirically constrained at a 2°resolution in the horizontal and 33 levels in the vertical. When integrated with prescribed surface values, the estimated circulation gives accurate predictions of interior d 13 C (9) and radiocarbon values (6) . The relative influences of Antarctic Bottom Water and North Atlantic Deep Water are also captured (8) and agree with estimates made using related approaches (10) .
It is also possible to represent the transient oceanic response to changing surface conditions. A 2000-year simulation is performed by initializing our empirical circulation model at equilibrium in 15 CE and prescribing globally coherent surface temperature anomalies (4) that propagate into the ocean interior (see supplementary materials). The resulting estimate, referred to as EQ-0015, indicates that disparate modern-day temperature trends are expected at depth (Fig. 1) . At depths below 2000 m, the Atlantic warms at an average rate of 0.1°C over the past century, whereas the deep Pacific cools by 0.02°C over the past century.
The pattern of temperature trends can be understood as a basic consequence of an advectivediffusive adjustment to surface conditions. Deep Atlantic waters are directly replenished by their formation in the North Atlantic, but deep Pacific waters must propagate from the Atlantic and Southern oceans. Radiocarbon observations (11) indicate that most waters in the deep Atlantic were last at the surface 1 to 4 centuries ago, whereas most deep Pacific waters have longer memory due to isolation from the atmosphere for 8 to 14 centuries (6) . As a result of differing response times, Atlantic temperature trends reflect warming over recent centuries, including that associated with anthropogenic influences, whereas the Pacific is still cooling as a consequence of ongoing replacement of Medieval Warm Period waters by Little Ice Age waters.
The simulated magnitude of temperature changes also reflects an advective-diffusive response to surface conditions. EQ-0015 indicates deep-Pacific cooling of 0.1°C following the temperature maximum associated with the Medieval Warm Period, whereas the faster-responding deep Atlantic cools by as much as 0.3°C. Ocean circulation can be likened to a filter through which interior water properties inherit a temporally smoothed version of surface signals. Signals in the deep Pacific are more heavily smoothed and have a more attenuated signal than their Atlantic counterparts because they are subject to mixing over a longer journey (12) . The incomplete response of the subsurface to rapid surface changes also leads to delays seen in EQ-0015 being shorter than those indicated by radiocarbon-age analysis (13) .
Implicit in the EQ-0015 simulation is that temperature anomalies are transported according to a statistically steady ocean circulation. Estimates of circulation strength over the Common Era, however, suggest variations by as much as ±25% for components of the Atlantic circulation (14, 15) . If we instead modify circulation rates to covary with surface temperature anomalies such that advective and diffusive fluxes are changed by ±25% in the Little Ice Age relative to the 1990s, the magnitude of our results is altered ( fig. S3 ), but not the qualitative pattern. In a general circulation model not subject to such simplified assumptions, the centennial-scale subsurface temperature response is also well approximated by the transport of an unchanging circulation (16) . Of course, it cannot be excluded that changes in deep circulation-for example, in response to altered deep water formation rates or winds (17)-counteract the basic pattern of temperature response expected from modern circulation. The results of EQ-0015 are thus considered a prediction that requires further testing.
Differences in the simulated timing and magnitude of temperature trends between the Atlantic and Pacific offer a fingerprint of historical changes in surface temperature. To compare this fingerprint against observations, we turn to the deep-ocean temperature measurements from the HMS Challenger expedition that were obtained near the beginning of the instrumental era, 1872-1876 CE. There were 5010 temperature observations along the cruise track, including 4081 observations below the mixed layer and 760 observations from deeper than 2000 m (Fig. 2 ). Previous analysis (18) showed a 0.4°C warming between the 1870s and 2000s in the upper 500 m of the ocean, tapering off to values indistinguishable from zero at 1800 m depth. Challenger temperature trends were not assessed at deeper levels, however, over concerns regarding depth-dependent biases.
Our focus is to test the model prediction of deep-Pacific cooling. Therefore, we guard against observational biases that would predispose results toward such a trend. In particular, we adjust Challenger temperatures to be 0.04°C cooler per kilometer of depth in keeping with a previously used correction for the effects of compression (18, 19) . Another concern is that the rope used for measurements may not have paid out entirely in the vertical, causing depths to be overestimated. But comparing Challenger reports of ocean depth against modern bathymetry (20) indicates that, if anything, depths are underestimated, possibly because the hemp rope used aboard the Challenger stretched ( fig. S4 ). We apply no further depth corrections because underestimates would only bias our analysis toward showing greater warming. The exception is in the Southern Ocean, where strong currents are expected to cause greater horizontal deflection of the line (18) ; data south of 45°S are therefore excluded. Finally, the max-min thermometer used on the Challenger would have been biased in regions with vertical temperature inversions. To mitigate the influence of such reversals, we also exclude the 164 data points that are located in temperature inversions in modern climatology (21) , leaving a total of 3212 observations.
The most recent top-to-bottom global assessment of ocean temperatures comes from the World Ocean Circulation Experiment (WOCE) campaign of the 1990s. Interpolating WOCE observations (21) to the Challenger data locations permits for comparison of temperatures across more than a century. The squared cross-correlation between WOCE and Challenger temperatures is 0.97 and remains high at 0.92 after removing a global-mean vertical profile from each individual profile. Comparison of other 20th-century hydrographic data also indicated only minor density perturbations on the basic oceanic structure (22) . Similarity of the oceanic temperature and density structure over time supports the interpretation of changes in circulation since the Little Ice Age as involving only minor perturbations.
Despite overall consistency, there are systematic differences between WOCE and Challenger temperatures. The upper 1000 m of the ocean hosts pervasive warming (Fig. 3) , as found earlier (18) . Basin-wide warming is also found to 2800 m depth in the Atlantic and is significant at the 95% confidence level. Significance levels are computed accounting for the effects of highfrequency motions incurred by internal waves, mesoscale eddies, and wind variability (see supplementary materials). In the deep Pacific, we find basin-wide cooling ranging from 0.02°to 0.08°C at depths between 1600 and 2800 m (Fig. 3 ) that is also statistically significant. The basic pattern of Atlantic warming and deepPacific cooling diagnosed from the observations is consistent with our model results, although the observations indicate stronger cooling trends in the Pacific. Note that the difference between Atlantic and Pacific trends is particularly diagnostic because it is insensitive to choices regarding depth-dependent bias corrections.
The bulk of the Challenger observations that indicate 20th-century cooling are found in the Pacific between 2000 and 4000 m depth. We estimate the integrated rate of heat loss in this Pacific layer to be 1 TW. Although a warming trend was identified in repeat hydrographic observations available over recent decades for the abyssal ocean below 4000 m (23), trend estimates specifically for the deep Pacific between 2000 and 4000 m depth were found to be insignificant at 6 ± 7 TW (5 to 95% confidence interval) over the period 1991-2010 (24) . Reanalysis products augment the hydrographic data with other observational and numerical model information, but no consensus on the sign of deep-Pacific temperature trends has emerged amongst these estimates (25) . Some reanalyses do, however, show a pattern of Atlantic warming and deepPacific cooling that is congruent with our findings (26, 27) (see supplementary materials). Whereas it was suggested that this deep-Pacific cooling in reanalyses originates from model initialization artifacts and weak data constraints (25), our results indicate that such temperature drifts should be expected on physical grounds. We also emphasize that there is a major caveat in all these comparisons, in that rate estimates may be sensitive to decadal variability and the time periods over which trends are computed (7) .
The EQ-0015 simulation is independent of the Challenger observations, and these two indications of deep-ocean temperature trends can be Gebbie combined to give a more detailed estimate. We first average Challenger-to-WOCE temperature trends over the Atlantic and Pacific basins as a function of depth. These basin-wide average trends are used to relax the assumption of globally uniform changes in surface conditions and to constrain regional temperature histories for 14 distinct regions over the Common Era by a control theory method (see supplementary materials). The result, referred to as OPT-0015, fits the observed vertical structure of Pacific cooling and Atlantic warming (Fig. 3) . Global surface changes still explain the basic Atlantic-Pacific difference in OPT-0015, but greater Southern Ocean cooling between 600 and 1600 CE leads to greater rates of cooling in the deep Pacific over recent centuries. Regionally inferred variations in North Atlantic and sub-Antarctic surface temperatures also reproduce an Atlantic warming minimum at 800 m. Because OPT-0015 is constrained using only basin-wide averages, regional temperature patterns can be independently compared against observations. Notable in this regard is that OPT-0015 produces greater rates of cooling in the deep North Pacific and greater warming in the vicinity of the Atlantic deep western boundary current. Similar patterns are evident in the Challenger observations ( fig.  S7 ) as well as the average across multiple ocean reanalyses (25) . Regional surface temperatures in OPT-0015 can also be compared against ice-core borehole inversions. OPT-0015 places the coldest Antarctic conditions in the 1500s and the coldest North Atlantic in the 1800s, both of which are amplified relative to the global average (Fig. 4) . This interhemispheric sequence of peak cooling aligns with the minimum surface temperatures estimated from boreholes in Antarctica (2) and Greenland (1) . A second, weaker cool interval inferred from Greenland boreholes between 1400 and 1600 CE (1) is, however, not found for the North Atlantic in OPT-0015. The inference of amplified temperature anomalies in the Antarctic and North Atlantic oceans is also consistent with stronger positive feedbacks at high latitudes. Amplification of high-latitude signals could also stem from greater winter than summer cooling during the Little Ice Age (28) and from the greater sensitivity of deep-water formation to winter conditions (29) . The combination of greater volatility in winter surface conditions and greater sensitivity of interior waters to these conditions may explain observations of amplified middepth temperature variability relative to the surface over the Holocene (30, 31) .
The OPT-0015 results provide an estimate of full-ocean changes in heat content over the Common Era. With regard to changes in heat content in the upper 700 m of the ocean (Fig. 4) , there is excellent consistency between OPT-0015 and results from observational analyses (32) Challenger observations (18) . More generally, OPT-0015 indicates that the upper 2000 m of the ocean has been gaining heat since the 1700s, but that one-fourth of this heat uptake was mined from the deeper ocean. This upper-lower distinction is most pronounced in the Pacific since 1750, where cooling below 2000 m offsets more than one-third of the heat gain above 2000 m. The implications of the deep Pacific being in disequilibrium become more apparent when compared to a counterfactual scenario where the ocean is fully equilibrated with surface conditions in 1750 CE. That the deep Pacific gains heat in this scenario, referred to as EQ-1750, confirms that heat loss in OPT-0015 results from the cooling associated with entry into the Little Ice Age. Moreover, the EQ-1750 scenario leads to 85% greater global ocean heat uptake since 1750 because of excess warming below 700 m. It follows that historical model simulations are biased toward overestimating ocean heat uptake when initialized at equilibrium during the Little Ice Age, although additional biases are also likely to be present (34) . Finally, we note that OPT-0015 indicates that ocean heat content was larger during the Medieval Warm Period than at present, not because surface temperature was greater, but because the deep ocean had a longer time to adjust to surface anomalies. Over multicentennial time scales, changes in upper and deep ocean heat content have similar ranges, underscoring how the deep ocean ultimately plays a leading role in the planetary heat budget.
